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Abstract 
A key issue in the commercial aircraft engine design is environmental acceptability, and designers are continually challenged 
to reduce emissions. In this paper, an experimental investigation is performed to evaluate the emission performance of a liq-
uid-fueled trapped vortex combustor (TVC) under lean premixed prevaporized (LPP) mode. When operating as an LPP system, a 
TVC is fueled both in the cavities and in the main stream. The correlations between the emission performance and the total ex-
cess air ratio, the positions (4 positions) of the fuel injectors in the main stream, and the inlet temperature are obtained. Experi-
mental results show that both the volume concentrations of unburnt hydrocarbon (UHC) and NOx (NO, NO2 usually grouped 
together as NOx) increase with the increase of total excess air ratio from 1.5 to 3.0; the emission performance relies heavily on 
the position of the main stream injector, and the best performance is achieved at Position 4 in the experiments; the increase of the 
inlet temperature impacts on the emission performance positively; the smallest volume concentrations of UHC and NOx obtained 
in the experiment are 94×106 and 2.3×106 respectively. This paper validates the feasibility of low emissions for an LPP/TVC 
and provides a reference for further optimization of TVCs. 
Keywords: aerospace propulsion system; combustion; lean premixed prevaporized; trapped vortex combustor; liquid fuel; emis-
sion 
1. Introduction1 
Over the past 35 years, aircraft engine especially 
commercial aircraft engine has experienced almost 
continuous pressure to reduce emissions. To meet more 
and more stringent emission requirements, many pro-
grams targeted in emission reduction have been started, 
like experimental clean combustor program (ECCP), 
energy efficiency engine (E3), high-speed civil trans-
port (HSCT) and ultra efficient engine technology 
(UEET) etc, also many new combustion concepts have 
been developed, such as rich-quench-lean (RQL), lean 
direct injection(LDI), and lean premixed prevaporized 
(LPP) [1-2]. In an RQL system, fuel and air are initially 
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mixed and burnt at very rich fuel/air ratios. The com-
bustion gases are then rapidly mixed with additional air 
in the quench zone, before burning again at very lean 
overall fuel/air ratio. In an LDI system, fuel is directly 
injected into the air and is rapidly atomized and mixed 
with air at lean fuel/air ratios prior to burning. LDI 
systems have the advantage of being shorter than LPP 
systems if they are well designed. Unfortunately, pro-
ducing a well-atomized and uniform mixture in a very 
short distance is extremely difficult. In an LPP system, 
fuel and air are mixed at lean fuel/air ratios, a long 
premixing chamber is used to allow the fuel and air 
mixture time to more fully vaporize and premix before 
entering the combustion zone. The lean mixture pro-
duces low NOx (NO, NO2 usually grouped together as 
NOx) as long as the mixture is well atomized and uni-
formly mixed. 
Meanwhile, the trapped vortex combustor (TVC) 
concept has been under development for several years. 
Initially, aerodynamicists tried to use and control vor-
tex motion for possible benefits. Work done by Little Open access under CC BY-NC-ND license.
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and Whipkey investigated the interaction of trapped 
vortices with drag and stability [3]. The TVC concept 
was originally conceived at the Air Force Research 
Laboratory (AFRL) in 1993. A collaborative effort 
between the AFRL and the National Energy Technol-
ogy Laboratory (NETL) began in 1999, and was 
co-sponsored by the Department of Energy and the 
Strategic Environmental Research and Development 
Program (SERDP) to evaluate the TVC concept for 
stationary power applications [4]. In a TVC, a cavity is 
used to provide flame stability. Due to the temporally 
and spatially stable vortex, it has been proposed that 
this geometry would produce a very effective means to 
stabilize a flame [5-8]. The TVC has now attracted the 
attention of many researchers and has been the subject 
of considerable numerical and experimental studies for 
its demonstrated advantages over conventional swirl 
stabilized combustor: ignition, lean blow out (LBO) 
and altitude re-light are improved by up to 50; com-
bustion efficiency at or above 99 is maintained over 
a 40 wider operating range; what’s more, it has very 
low NOx emissions 
[9-11]. When a TVC is fueled both in 
the cavity and in the main stream, it could operate as an 
LPP system. Since TVCs operate quite differently from 
swirl combustors, the established databases and design 
experience for swirl combustors cannot be taken ad-
vantage of, and a large amount of work, both numerical 
and experimental, needs to be done for TVCs desi-  
gn [12-15]. 
Imamura, et al. [16] selected an LPP combustor with 
swirling flow to decrease NOx emissions. By injecting 
a portion of the fuel directly into the recirculation zone 
and adjusting the fuel flow distribution, NOx reduction 
rate of more than 80 compared with conventional 
combustors was achieved. Burrus, et al. [17] delivered 
the fuel to the burner through a set of simple aerody-
namically shaped fuel injector bars that were located 
integrally with the dome structure. Each bar contained 
two separate fuel circuits providing fuel to both the 
inner and outer cavities as well as each of the main 
stream passages. However, the fuel bars could not be 
moved in the main stream direction. Zhong and Zhu’s 
work [18] focused on two LPP systems. According to 
them, LPP systems could produce much lower NOx and 
CO emissions compared with conventional combustor. 
Fan, et al. [19] investigated the emission performance of 
a gas-fueled TVC as it worked as an RQL system (cav-
ity fueled only). Their work demonstrated that NOx 
emissions for RQL/TVC were reduced by 50 when 
CO emissions maintained the same low level compared 
with conventional axially-staged RQL combustor. 
The first goal of this study is to investigate the feasi-
bility for a liquid-fueled LPP/TVC to achieve low 
emissions. A second goal of this study is to figure out 
the correlations between some key parameters and the 
emission performance of the LPP/TVC, such as the 
total excess ratio, the position of the main stream in-
jectors. In the following sections, the TVC test rig fea-
tures and the experimental setup will be described, and 
then the experimental data will be presented together 
with relative analysis. 
2. TVC Test Rig Design Features 
Figure 1 is the sketch of the test rig. Figure 1(a) pro-
vides a revealing cross section of test rig illustrating 
most of the key features and flow patterns. The TVC 
has two cavity zones and a single main stream zone. 
The structure of the cavity zones is well designed 
based on previous numerical simulations and experi-
mental work of our research group. In both cavity 
zones, liquid fuel (kerosene) is directly injected into 
the cavities by six pressure swirl atomizers from the 
upstream wall of the cavities, three for each cavity; 
while air is introduced into cavity zones in a manner 
that establishes double-vortex flow structures within 
the cavities. For double-vortex flow structure in a cav-
ity, a main vortex is located deeply in the cavity, a 
second small vortex, located between the main vortex 
and main stream, serves as a barrier to protect the main 
vortex from the main stream, as well as a secondary 
mixing stage. So long as the vortexes are trapped in the 
cavities, the injected fuel and air will effectively mix 
and burn within the cavities to establish a stable flame 
zone, which acts as a constant ignition source.  
 
Fig. 1  Sketch of test rig. 
Figure 2 shows the comparison of the fuel injector 
bar in Ref. [17] and the main stream fuel bar in present 
study. In the main stream zone, fuel is injected into the 
passage axially through three pressure swirl atomizers, 
which are located in a well aerodynamically designed 
bar, see Fig. 2(b). This fuel bar could be moved along 
the main stream direction among 4 positions (marked 1 
to 4) (see Fig. 1(a)). The distance between the 4 posi-
tions and the bluff body are 50 mm, 80 mm, 110 mm 
and 140 mm respectively. The fuel particles would be 
allowed time to more fully vaporize and premix with 
main stream air before entering combustion zone. As  
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Fig. 2  Comparison of the fuel injector bar in Ref. [17] and 
the main stream fuel bar in the present study. 
shown in Fig. 1(b), the dome of the TVC features a 
flameholding structure comprised of a bluff body and 
eight radial struts. The dome structure is very impor-
tant in that the hot combustion gases from the cavities 
flow down along the downstream wall of the struts, 
then laterally spread across the downstream wall of the 
bluff body. The strong interaction between the cavity 
flows and the main stream greatly enhances the mixing 
resulting in short flame lengths and uniform gas tem-
perature profiles. The downstream lean burn zone is 
used to complete CO, soot and unburned hydrocarbon 
burn-off. 
3. Experimental Setup 
A sketch of the whole experimental setup can be 
seen in Fig. 3. Experiments were conducted with an air 
supply rate up to 1.2 kg/s. The air can be heated to 
temperatures ranging from room temperature to higher 
than 200 ć by the electric heater. The air was supplied 
to the combustor at atmospheric pressure with the con-
trol by the valve and the mass flow rate can be metered 
by an orifice plate flow meter. A K-type thermal couple 
was set just upstream of the TVC to get the inlet air 
temperature. At the exit of the combustor, a water- 
cooling gas sampling rake (5 sampling elements) was 
placed at the exit plane of the combustor to get com-
bustion gas for the gas analyzer. A fundamental issue 
for gas sampling is that the sample can represent the 
components and makeup of the true gases in the sam-
pling points. The water-cooling design was employed 
in the experiment to prevent the combustion gases from 
further chemical reactions within the diagnostic system. 
Emissions analyzing equipment (the gas analyzer) is 
available to detect CO, CO2, unburnt hydrocarbon 
(UHC) and NOx from the sampling system. Since both 
CO and UHC are the products of incomplete combus-
tion, they have very similar correlation with other pa-
rameters. The data of CO would not be referred to in 
this paper. Table 1 shows the specifications of the gas 
analyzer including the components, methods, resolu-
tions and the precisions. The key parameters for all the 
experimental cases can be seen in Table 2. In Table 2, T 
is the inlet temperature, c is the excess air ratio in the 
cavities, t is the total excess air ratio, and Ma is the 
inlet Mach number. The inlet Mach number was kept 
constant Ma=0.2 for all the cases. 
 
Fig. 3  Sketch of the whole experimental setup. 
Table 1  Specifications of gas analyzer 
Component Method Resolution Precision/
CO Infrared absorption 1h104 f5 
UHC Infrared absorption 1h106 f5 
CO2 Infrared absorption 1h103 f5 
O2 Electrochemistry 1h104 f5 
NOx Electrochemistry 1h106 f4 
Table 2  Key parameters for experiments 
T/K Ma c t Position 
373 0.2 1 1.5 1, 2, 3, 4 
373 0.2 1 2.0 1, 2, 3, 4 
373 0.2 1 2.5 1, 2, 3, 4 
373 0.2 1 3.0 1, 2, 3, 4 
473 0.2 1 1.5 1, 2, 3, 4 
473 0.2 1 2.0 1, 2, 3, 4 
473 0.2 1 2.5 1, 2, 3, 4 
473 0.2 1 3.0 1, 2, 3, 4 
4. Results and Discussion 
4.1. Total excess air ratio effect 
In order to investigate the effect of the total excess 
air ratio t on the UHC and NOx emissions, experi-
ments were conducted by varying the main stream fuel 
flow rate while fixing the fuel flow rate in both cavities 
for fixed air flow rate to keep the excess air ratio in the 
cavities c constant (c =1). Two different inlet tem-
peratures 373 K, 473 K and four different main stream 
fuel injector Positions 1-4 were studied. It is necessary 
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to declare that all the concentrations of the emissions 
referred to in this paper are volume concentrations, and 
all the measured values are corrected to 15 of O2.  
It can be noticed in Fig. 4(a) and Fig. 4(b) that the 
concentration of UHC increases with the increase of t 
for almost all the cases (different inlet temperatures 
and different main stream injector positions).  
During its lifetime, the diameter D of an evaporating 
droplet may be related to its initial diameter D0 by the 
equation 
 
2 2
0D D t   (1) 
where  is the evaporation constant, t the evaporation 
time. In quiescent surroundings, the evaporation con-
stant st depends on the environmental temperature, the 
environmental pressure and the fuel [20]. For the 
evaporation of fuel drops in flowing steams, the effects 
of convection are readily accommodated by the use of 
correction factors of the form 1+CRexPry, where C is 
the coefficient, Re is Reynolds number, Pr is Prandt 
number. However, the values of x, y as well as the co-
efficient C of different investigators are different [21-23]. 
For example, Ranz and Marshall suggested that the x, y 
and C should be 0.5, 0.33 and 0.3 respectively [24]. In 
flowing streams,    Eq. (1) can be expressed as 
 
2 2
0 st (1 )
x yD D Re Pr t  
 
(2) 
In Eq. (2), the Reynolds number Re is mainly de-
cided by the flow conditions, while the Prandt number 
Pr, the same as st, relies on the environmental temp- 
 
Fig. 4  Concentration of UHC as a function of total excess 
air ratio. 
erature, the environmental pressure and the fuel. In the 
present work, for a certain inlet temperature, pressure 
and inlet Mach number, the main factors which influ-
ence the diameter D of fuel particles when entering the 
combustion zone are the initial diameter D0 and the 
evaporation time t. 
As for pressure swirl atomizer, fuel supply pressure 
should be decreased to increase the total excess air 
ratio t. Figure 5 provides the correlation, obtained by 
laser particle analyzer, between the Sauter mean di-
ameter (SMD) and the fuel supply pressure in quies-
cent environment. In Fig. 5, p  is the injection pres-
sure. When inlet temperature is 373 K, as t increases 
from 1.5 to 3.0, the fuel supply pressure should be de-
creased from 3.5 MPa to 0.5 MPa correspondingly. It is 
clear from Fig. 5 that SMD, also D0 in Eq. (2), in-
creases from 28 m to 61 m. The velocity of the par-
ticles from the pressure swirl injector decreases under 
low fuel supply situations, which results in bad mixing 
between fuel and air in radial direction. Besides, the 
mean temperature of the burn zone decreases with in-
creased t, which leads to incompletion of combustion 
in both cavities and the main burn zone.  
 
Fig. 5  Initial SMD of main stream pressure swirl injector vs 
fuel pressure. 
Figure 6 shows the experimental results of NOx 
emissions. The NOx concentration varies in the same 
way with UHC as t increases. It is believed that the 
increase of NOx concentration is mainly due to the 
small area with very high temperature produced by 
large fuel particles and bad mixing. 
It is clear from Fig. 4 and Fig. 6 that the emission 
performance for the LPP/TVC under low power condi-
tion is unsatisfactory. Moreover, this result suggests 
difficulty for LPP/TVC to gain good emission per-
formance under all power conditions. In order to solve 
this problem, two considerations are suggested. One is 
to optimize the design and fabrication of the pressure 
swirl atomizers, or to employ other kinds of fuel injec-
tors, since the high emissions of UHC and NOx under 
low power conditions are mainly due to the bad atomi-
zation of the fuel. The other consideration is to redis-
tribute the air flow in the TVC on condition that the 
flow patterns in cavity zones and the flame stability 
can be ensured. For the same c, with less air intro-
duced into the cavity zones, the fuel needed to injected  
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Fig. 6  Concentration of NOx as a function of total excess air 
ratio. 
into the cavity zones will be decreased correspondingly, 
and more fuel would be injected into the main stream, 
which results in the potential to gain more uniform 
fuel/air mixture in the main stream flow passage while 
pressure swirl injectors should still be employed. 
Immediately apparent from Fig. 7 is the effect of the 
total excess air ratio on the combustion efficiency  for 
two different inlet temperatures. As the total excess air 
ratio increases, the combustion efficiency decreases. 
Figure 7 shows a good agreement with Fig. 4, for UHC 
is the product of incomplete combustion. In some cases 
of the experiments, the combustion efficiencies are 
lower than 90. However, higher efficiency is avail-
able in an actual aeroengine for higher inlet tempera-
ture and higher pressure. 
 
 
Fig. 7  Combustion efficiency as a function of total excess 
air ratio. 
4.2. Main stream injector position effect 
The distance between the main stream injectors and 
the bluff body can be varied (50 mm, 80 mm, 110 mm 
and 140 mm) in the experiment by changing the posi-
tion of the fuel bar, thus the time and distance allowed 
for the main stream fuel to prevaporize and premix 
with the air are different.  
Figure 8 presents concentration of UHC as a func-
tion of the main stream injector positions. Two differ-
ent inlet temperatures 373 K, 473 K and four different 
total excess air ratios 1.5, 2.0, 2.5, 3.0 are studied. Ac-
cording to Fig. 8, it is clearly to be found that UHC 
concentra- tion becomes lower when the main stream  
 
Fig. 8  Concentration of UHC as a function of main stream 
injector positions. 
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fuel bar is moved from Position 1 to Position 4. This 
goes well with our anticipation; for increased distance 
between the bar and the bluff body, the fuel particles 
would gain more time to vaporize and mix with the 
mainstream air which results in more uniform fuel/air 
mixture. 
The data of NOx emission measured in the experi-
ment can be seen in Fig. 9. Generally, the concentration 
of NOx decreases as the main stream fuel injectors are 
moved from Position 1 to Position 4. According to 
Burrus, et al. [17] , 3D CFD model calculations demon-
strate the existence of a large scale of recirculation 
zone set up just downstream of the bluff body, with 
high temperature and high NOx concentrations. It is 
believed that NOx is mainly produced in this area for 
the work in this paper. When the main stream fuel bar 
is located at Position 1, most of the fuel particles reach 
the surface of the bluff body, resulting in the formation 
of a fuel film. With the effect of the mainstream air, 
this fuel film is taken into the recirculation zone to 
increase the temperature there. When the main stream 
fuel bar is moved upstream-ward, the radial distribu-
tion of the fuel becomes more uniform at inlet cross 
section of the main burn zone, thus, less fuel particles 
would be taken in the recirculation zone. This would 
lower the recirculation temperature and reduce the pro-
duction of NOx.  
 
Fig. 9  Concentration of NOx as a function of main stream 
injector positions. 
The increase of inlet temperature has a positive im-
pact on emission performance of LPP/TVC, for it can 
be seen also in Fig. 8(b) and Fig. 9(b). When T=473 K, 
the UHC and NOx emissions nearly keep constant 
when the main stream injectors are moved from Posi-
tion 2 to Position 4, which is believed to be related to 
the better vaporization and mixing at high inlet tem-
perature.  
Figure 10 shows the effect of the main stream injec-
tor positions on the combustion efficiency . 
 
Fig. 10  Combustion efficiency as a function of main stream 
injector positions. 
5. Conclusions 
This paper describes the design features of an 
LPP/TVC in which the fuel are injected both in the 
cavity zones and in the main stream zone. A series of 
experiments is conducted aimed at the emission per-
formance of the combustor. The successful completion 
of the experiments verifies the feasibility of the 
LPP/TVC concept for low emissions. Under certain 
conditions, the volume concentrations of UHC and 
NOx emissions could be as low as 94×10
6, 2.3×106 
respectively. 
The emissions of UHC and NOx depend heavily on 
the total excess air ratio for the test rig in this paper for 
it is directly related to the quality of the fuel/air mix-
ture. The concentrations of UHC and NOx both in-
crease with the increases of t from 1.5 to 3.0. Al-
though the emission performance of the LPP/TVC at 
low power situations is not satisfactory, the results are 
still valuable, implying that besides the flow pattern 
and the flame stability in the cavities, the interrelation 
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and matching of cavity zones and main stream zones 
should also be taken into account in design process. 
The interrelation and matching of cavity zones and 
main stream zones are very important issues for the 
LPP/TVC to fit all the different power conditions. 
The concentrations of UHC and NOx both decrease 
as the main stream fuel injectors are moved up-
stream-ward from Position 1 to Position 4. From rela-
tive tests, Position 4 is proved to be the best position. 
The UHC concentrations are mainly decided by the 
degree of the vaporization of the fuel and the mix with 
air. NOx is produced in the high temperature recircula-
tion zone downstream of the bluff body. For further 
optimization, effective changes should be made to take 
good control of this recirculation zone. 
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